In this study, in situ time-resolved dispersive X-ray absorption fine structure (DXAFS) analysis of BaTiO 3 LiCoO 2 (BTLC) composites for lithium ion batteries was performed to characterize the cobalt ion valence shift between oxidized and reduced states of driven cells, in an attempt to better understand the contribution of ferroelectric solid electrolyte interfaces (SEIs) to chargedischarge rates. Two types of artificial SEIs, ferroelectric BT and paraelectric Al 2 O 3 , were compared. The magnitude of the shift in the X-ray absorption energy at the peak of the white line, E 1 , during charging and discharging at a 10 C rate, increased in the order of bare LC (0.264 eV) < Al 2 O 3 1 mol % (0.497 eV) < BT 1 mol % (1.15 eV); the corresponding discharge capacities of the laminated cells at 10 C were as follows: bare LC (11.6 mAh/g) < Al 2 O 3 (41.8 mAh/g) < BT (95.1 mAh/g). The increase in E 1 , i.e., the oxidation of Co during charging, intensified under a higher applied potential for the BT-decorated composite compared with that of the Al 2 O 3 -coated specimen. The stronger oxidation of Co for BTLC under application of a large electric field was attributed to the strengthened polarization due to the larger permittivity of BT.
Introduction
Recent improvements in the chargedischarge rate capabilities, i.e., power densities, of secondary batteries have prompted investigations into their use as the main battery in future-generation electric and hybrid vehicles. In lithium ion batteries (LIBs), the relatively low diffusivity of Li ions in bulk compounds of cathodes has limited the achievable power densities. To improve the power density of LIBs, one potential solution involves downsizing the cathode materials by decreasing the grain size of the cathode powders to the nanoscale to reduce the Li-ion diffusion distance in the bulk material. 1)5) Oxide decoration of cathode surfaces is another approach to effectively deliver a larger power density for the cells. Thin-film coating of solid oxides, e.g., Al 2 O 3 , 6)9) ZrO 2 , 10),11) TiO 2 , 12), 13) and ZnO, 14) , 15) onto the active materials notably improves the electrochemical performance and rate capability of the cells. Most of these oxide films play a role as an artificial solid electrolyte interface (SEI). The thin-film oxide coating shortens the Li-ion diffusion distance at the SEI and prevents the dissolution of active material into the liquid electrolyte under a large current density. Previously, we demonstrated a breakthrough in the enhancement of cell power densities via a polarization effect attributed to ferroelectrics. 16)18) In these studies, the active material, LiCoO 2 (LC) powder, was decorated with ferroelectric barium titanate, BaTiO 3 (BT), as an artificial SEI, via a simple solgel route. The BT-loaded composite cathode exhibited a significant improvement in rate capability and an exceptionally high charge discharge rate. The achieved capacity for a 1 mol % BT-loaded specimen at 10C (1C = 160 mA/g) was as high as 238% that of bare LC. 18) Ferroelectric domains consist of large electric dipole moments. Under an applied electric field, dipole polarization is induced by domain wall vibrations, as well as ionic and electronic contributions. 19)23) Dipole moments appear at the ferroelectric SEI layer under a potential difference between cathode and anode electrodes. The negative charges of the dipole moments at the active materialSEI interface tend to attract positively charged Li + ions as the cell charges and discharges. The polarization that arises in the ferroelectric layer facilitates a smooth redox reaction at the cathode as the cell is being driven.
In situ electrochemical impedance spectroscopy (EIS) was previously performed to quantitatively analyze the elementary reactions of composite cathodes. 17) Resistance elements consisting of the cell reactions, the resistance of the electrolyte, R sol , that of the Li metal anode reaction, R Li , and the charge transfer resistance, R ct , were evaluated. BT decoration notably reduced both R ct and R sol compared with bare LC, indicating that the loaded ferroelectric BTSEI effectively assisted Li inter-/ deintercalation into and from the active material, LC, and restricted cobalt ion dissolution into the electrolyte liquid.
In situ investigation of the valence state of the chemical species with X-ray absorption fine structure (XAFS) analysis as the cell is driven provides detailed insight into the redox behaviors of composite cathodes.
24)29) Time-resolved dispersive XAFS (DXAFS) analysis during chargingdischarging of the cell carries information on the valence variation dynamics of the chemical species. 30) In this study, in situ time-resolved DXAFS analysis was performed to characterize the valence change of Co 3+/4+ during cell driving, in an attempt to understand the ferroelectric SEI contribution to the performance improvement at high chargedischarge rates. O 3 , were fixed at 1 mol % in the LC matrix (Cell Seed; Nippon Chemical Industrial Co., Ltd., Tokyo, Japan). The solgel process for the BTLC composites was conducted according to the method described in our previous work.
16 ) The BTLC gels obtained were annealed at 600°C for 20 h for crystallization. Al isopropoxide was used as the Al metal source for the synthesis of the Al 2 O 3 LC. The solgel synthesis of the Al 2 O 3 LC was performed using a similar method to that of the BTdecorated specimens. The acquired Al 2 O 3 LC gel was dried and annealed at 600, 800, and 1,000°C for 20 h.
Laminated-type half-cells were used for the XAFS measurement, due to their relatively high X-ray transmittance compared with coin-type cells. Prior to the evaluation of the laminated cells, the heating temperature for the Al 2 O 3 LC system was optimized using conventional 2032-type coin cells in an attempt to maximize the rate capability. The laminated cells were assembled by mixing the acquired composite powder, acetylene black, and polyvinylidene fluoride (PVDF) in the solvent at a weight ratio of 7:2:1. The paste was coated onto an Al-foil current collector and then dried. A solution of 1 mol/L LiPF 6 in ethylene carbonate and ethylmethyl carbonate (EC:EMC; 3:7 v/v) was used as the electrolyte; lithium metal was used as the counterelectrode. The Al-laminated bags were used for the packing cells. Prior to XAFS measurement, the cells were cycled through a voltage window of 3.34.5 V (vs. Li+/Li). The cells were first charged and discharged at 0.1 C (1 C = 160 mA/g) for five cycles. The charge discharge rate was then increased stepwise to a maximum of 10 C, corresponding to a total chargedischarge time of 6 min, for five cycles at each rate. The cells were tested for 35 cycles in total.
XAFS measurement near Co K-shell absorption
Before the DXAFS measurement, normal XAFS spectra were obtained for all specimens to determine the initial absorption energy associated with the initial valence state of the Co ions. The Co K-shell absorption spectra were collected at BL-3 at the Synchrotron Radiation (SR) Center, Ritsumeikan University (Kyoto, Japan). The beamline consisted of a Si(220) doublecrystal monochromator and a toroidal mirror. X-ray absorption spectra were collected using the transmission mode. The incident and transmitted X-ray intensities (I 0 and I) were simultaneously measured in ionization chambers with lengths of 4.5 and 31.0 cm, respectively. The ionization chamber for the I 0 measurement was filled with a 3:17 Ar:N 2 gas mixture, while that for the I measurement was filled with a 1:1 Ar:N 2 gas mixture. Background absorption, other than that of Co K-shell absorption, was subtracted using the Victoreen formula. The X-ray absorption near-edge structure (XANES) spectra were normalized at the peak of the white line.
In-situ DXAFS measurement under the cell charge and discharge
DXAFS measurement was performed at BL-5 at the SR Center, Ritsumeikan University as the cells were driven. A Si(111) crystal (thickness: 0.5 mm) was used as the polychromator to disperse the X-ray energy in the longitudinal plane. X-ray absorption spectra were collected using the transmission mode. During DXAFS measurements, laminated cells were charged and discharged under a constant current (CC) with a cut-off voltage of 3.3 and 4.5 V for two cycles. The applied current density was fixed at a high rate (10 C). The X-ray irradiation time for acquiring each spectrum was 1 s in 0.45-s intervals, due to the short time associated with cell driving at a high rate.
Results and discussion

High-rate performance of laminated cells
The optimized heating temperature for the Al 2 O 3 LC was first determined as 800°C, because the coin cell with this specimen exhibited the largest capability at a high rate. The Al 2 O 3 LC heated at 800°C was then used for the subsequent laminatedcell evaluation. Figures 1(a)1(c) shows the voltage charge discharge capacity curves of the bare LC, Al 2 O 3 LC (denoted as Al 2 O 3 1 mol %), and BTLC (BT 1 mol %) laminated cells, respectively, for the first cycle for various rates (0.1, 0.5, 2, and 10 C). For all specimens, no significant differences were observed in the curve profiles at lower rates. Note that the Al 2 O 3 surfacemodified LC displayed a slightly higher capability at higher rates, 5 and 10 C. The BT-loaded specimen exhibited superior capabilities compared with paraelectric Al 2 O 3 and bare LC, as well as flat charge and discharge plateaus.
The discharge capacities of the cells as a function of cycle number are shown in Fig. 2 . As seen in Fig. 1 , no significant difference was observed at lower rates (0.1 and 0.5 C). The discharge capacity for the bare LC dropped sharply to ca. 10 mAh/g at 35 cycles (10 C rate); the other samples exhibited high rate capability, which was attributed to oxide surface modification. Table 1 summarizes the resulting capacities at the initial charge (0.1 C) and after 35 cycles, including 5 cycles at 10 C for all specimens; the retention ratio of the discharge capacity at 10 C to that of the first cycle is also presented. The capacity for the bare LC cell, 11.6 mAh/g, was much smaller than that for the 2032 coin cell reported in our previous study, ³62 mAh/g. 18) The capacity of the BT 1 mol % sample at the highest rate, 10 C, was 95.1 mAh/g, which was likewise notably smaller than the capacity for the coin cell (146 mAh/g). The lower capacities in the laminated cells thus originated from the type of cell. The discharge capacity at 10 C increased in the following order: bare LC < Al 2 O 3 1 mol % < BT 1 mol %. This order is consistent with that observed for the case of the coin cells in our preliminary experiments, indicating that the specimens could be used reliably for subsequent in situ XAFS analysis. Figures 3(a)3(c) shows the XANES spectra near the Co Kshell absorption edge of bare LC, Al 2 O 3 1 mol %, and BT 1 mol % samples, respectively, over the energy range of 7.70 7.76 keV. Notably, the bare LC sample displayed a sharp white line peak, while the other samples (the surface-modified LCs) exhibited broader X-ray absorption peaks. Takamatsu et al.
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reported the effect of soaking LC into the liquid electrolyte on the XANES spectra.
29) The LC with organic electrolyte had a broader white line peak than that without electrolyte. The electron transfer accompanying the decomposition of the organic solvent triggered the Co reduction of the LC surface. In fact, the mixed solution of acetic acid and 2-methoxyethanol in ethanol was used to decorate the LC with BT particles via a solgel process in this study. Such organic solvents might attack the active materials, thereby altering the surface chemistry of the LC powders. However, the discrepancies in the XANES profiles between bare LC and the other samples remain unclear.
In situ DXAFS measurement during cell driving at a high rate
The in situ X-ray absorption spectra of the Co K-edge collected by DXAFS measurement are shown in Figs. 4(a)4(c) for the bare LC, Al 2 O 3 1 mol %, and BT 1 mol % samples, respectively, over the energy range of 7.7107.735 keV, as the cells were driven at 10 C. The closed circles indicate the spectra at the lower potential, 3.3 V, and the open circles denote the spectra for the upper cut-off potential, 4.5 V. We should note that the signal-to-noise ratio was low for these measurements, because the X-ray irradiation time for each spectrum was only 1 s due to rapid chargingdischarging at 10 C. The direction of the arrows indicates the shift in the absorption energy under charging and discharging. These spectra were smoothed via normalization; E 1 , defined as the energy at the peak of the white line, was determined as a function of the capacities. For very short X-ray irradiation times, e.g., 1 s, owing to the fast cell charge and discharge, the absorption energy determined from the peak edge included the statistical error of low photon counts. Therefore, the white line peak top energy of the spectra was used after smoothing correction. Koyama et al. have reported the XANES spectra of LCs with various crystal structures determined by abinitio calculations. 31) They reported the white line peak energy and changes in shoulder configuration with changing CoO 2 phases and LC polymorphs, e.g., layered rock salt, spinel-related, and zigzag-layered forms. This result implies that using absolute values of E 1 to quantitatively determine the Co valence state requires much attention. The LC has a phase transition in charging and discharging from the O 3 phase to the H1-3 phase at around 4.55 V and from the H1-3 phase to the O 1 phase at around 4.62 V. 32)34) In our study, the maximum applied voltage was 4.5 V, which is slightly below the phase transition potential. In addition, the capacities determined in the XAFS measurement were notably smaller (e.g., 11.6 mAh/g for the bare LC and 95.1 mAh/g for the BT decorated one, respectively) than those of the capacities at low rates, i.e., ³180 mAh/g. This phenomenon Fig. 2 . Variations in the discharge capacities as a function of cycle number for bare LC, and l 2 O 3 1 mol %-and BT 1 mol %-decorated composites. The chargedischarge rate increased stepwise to 10 C, after five cycles at each rate (1C = 160 mA/g). Table 1 . Discharge capacities of laminated cells consisting of bare LC, Al 2 O 3 -, and BTSEI-decorated composite cathodes, respectively, at an initial charge (0.1 C) and at 10 C. The retention ratios in the discharge capacity at 10 C compared with that of the first cycle are also shown indicates that the shift in the Co valence, namely the amount of Li inter/deintercalation, should be much smaller than in the case of low rate tests. These observations all imply that little phase transition of the LC structure occurred in the in situ experiment. Although the discrepancies in the XANES profiles between bare LC and the modified samples shown in Fig. 3 remain, we believe that it is possible to compare the magnitude of the E 1 shifts during the cell drive among the three specimens, and to compare the absolute E 1 values of non-ferroelectric Al 2 O 3 and ferroelectric BT decorated specimens, since their initial XANES spectra were similar. Figure 5 shows E 1 as a function of the integrated capacity for bare LC, Al 2 O 3 1 mol %, and BT 1 mol %. The increase in E 1 via charging is responsible for Co ion oxidation, resulting in an increase in the Co valence. The decrease in E 1 during discharging is interpreted as reduction of the Co ion, namely the decrease in the Co valence. The E 1 changed linearly as a function of the integrated capacity for all samples without exhibiting any anomalies, implying that no phase transition at high voltage occurred in the experiments. The BT 1 mol % sample displayed the largest magnitude in Co valence variation, while the energy shift for the Al 2 O 3 -coated sample was slightly larger than that of bare LC. The magnitude of the E 1 shift increased in the following order: bare LC (0.264 eV) < Al 2 O 3 1 mol % (0.497 eV) < BT 1 mol % (1.15 eV). This phenomenon is consistent with the order of the high-rate discharge capacities listed in Table 1 . The comparison of the absolute values for the X-ray energy between the bare LC sample and the modified LCs is not possible, because their XAFS profiles around the white line peak shoulder at the initial valence state were inconsistent. However, the absolute values of E 1 energy can be used to compare non-ferroelectric Al 2 O 3 and ferroelectric BT, due to the similar profiles of their initial XAFS spectra (Fig. 3) . The E 1 energy at the initial state (before charging) of the BT decorated specimen was slightly higher than that of the difference from Al 2 O 3 by 0.3 eV, while the difference was increased to 0.95 eV after charging. This implies that the increase in E 1 was intensified at higher potential, i.e., with the application of a stronger electric field, for the BT-loaded composite compared with that for Al 2 O 3 . Therefore, these results indicate that the enhanced high-rate capabilities observed for the ferroelectric SEI originated from their enhanced charging capacity compared with the non-ferroelectric sample.
The polarization that arises in the SEIs increases with the potential (approaching the cut-off of 4.5 V) during the charging cycle because the strength of the polarization is proportional to the electric field intensity,. The enhanced polarization delivers a greater dipole moment at the active materialelectrolyte interface, leading to sufficient Li deintercalation from the LC, even at high rates, e.g., at 10 C, at which the Li-ion diffusivity in solids drops significantly. The heavier Co oxidation observed during charging at high rates for the ferroelectric BT, compared with the paraelectric Al 2 O 3 , may originate from the enhanced polarization resulting from the larger permittivity of ferroelectric BT.
Conclusions
This study used in situ time-resolved dispersive X-ray absorption fine structure (DXAFS) analysis to characterize the cobalt ion valence shift between oxidized and reduced states under battery cell operation, in an attempt to better understand the contribution of the ferroelectric SEI on chargedischarge rates. Specifically, the valence change of Co ions between oxidized and reduced states was observed for two artificial SEIs: ferroelectric BT-and paraelectric Al 2 O 3 -decorated LCs.
The magnitude of the shift in the X-ray absorption peak energy of the white line, E 1 , during charging and discharging at a 10 C rate increased in the following order: bare LC (0.264 eV) < Al 2 O 3 1 mol % (0.497 eV) < BT 1 mol % (1.15 eV). This phenomenon was responsible for the order of the discharge capacities of the laminated cells at the same rate (10 C): bare LC (11.6 mAh/g) < Al 2 O 3 (41.8 mAh/g) < BT (95.1 mAh/g). The increase in the X-ray absorption energy, E 1 , during the charging cycle was intensified at higher applied potential (approaching 4.5 V) for the BT-decorated composite. The strength of the polarization increased with the applied potential during charging. The larger density of Li ions deintercalating from the LC, leading to higher capability, was attributed to enhanced polarization at the compositeelectrolyte interface. The heavier Co oxidation during charging, exhibited by the ferroelectric BTSEI compared with the paraelectric Al 2 O 3 SEI, was interpreted as evidence of the strengthened polarization due to the larger permittivity of BT.
